Fungi are known to adapt to pH partly via specific activation of the Pal signaling pathway and subsequent gene regulation through the transcription factor PacC. The role of PacC in pathogenic fungi has been explored in few species, and each time its partaking in virulence has been found. We studied the impact of pH and the role of PacC in the biology of the rice pathogen Magnaporthe oryzae. Conidia formation and germination were affected by pH whereas fungal growth and appressorium formation were not. Growth in vitro and in planta was characterized by alkalinization and ammonia accumulation in the surrounding medium. Expression of the MoPACC gene increased when the fungus was placed under alkaline conditions. Except for MoPALF, expression of the MoPAL genes encoding the pH-signaling components was not influenced by pH. Deletion of PACC caused a progressive loss in growth rate from pH 5 to pH 8, a loss in conidia production at pH 8 in vitro, a loss in regulation of the MoPALF gene, a decreased production of secreted lytic enzymes and a partial loss in virulence towards barley and rice. PacC therefore plays a significant role in M. oryzae's biology, and pH is revealed as one component at work during interaction between the fungus and its host plants.
Introduction
The filamentous fungus Magnaporthe oryzae is an ascomycete of large economical importance due to its devastating impact on rice, barley, millet and, increasingly, wheat in different parts of the world [1] . The blast disease caused by this fungus affects the aerial part of the host plants and results in decreased yields to complete harvest loss depending on the organ infected and the time of infection [2, 3] .
Infection begins by the germination of a conidium on the plant surface and the rapid differentiation of the germ tube into a specialized cell named appressorium. Turgor generation in this dome-shaped and highly melanized cell mechanically drives the penetration of the plant via a narrow penetration peg. Following development of branched bulbous hyphae in the first invaded cell, propagation in neighboring cells likely involves plamodesmata and proceeds again via the production of a narrow peg and then that of bulbous hyphae, but high pressure is not required [4] . Invasive hyphae are sealed in a plant membrane and they sequentially grow into living plant cells, consistent with a biotrophic behavior [4] . A switch to necrotrophic development would finally lead to maceration of the plant tissues and the appearance of necrotic lesions from which emerge new conidia through asexual reproduction. When exactly this switch occurs, however, remains unclear.
Signal transduction and production of lytic enzymes or metabolites are considered as important actors in the biology of plant pathogenic fungi, including M. oryzae [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . One particular signal transduction pathway present in fungi relates to the sensing and adaptation to pH. As compared to other microorganisms, fungi are capable of growth and development over wide pH ranges, and several species, including plant pathogens, can modulate the pH of their environment by secreting acids or alkali [15, 16] . Thus far, a single pH-signaling pathway has been identified whose composition seems conserved throughout the fungal kingdom. In Aspergillus nidulans where it has been most studied, this pathway involves seven proteins [17] . Two of these proteins, PalH and PalI, are putative membrane proteins, and PalH (seven predicted transmembrane helices) is proposed to carry the pH-sensing activity. Following PalH activation by alkaline pH, signaling would proceed via the coupling of the receptor to the arrestin-like PalF [18] and the subsequent connection to PalC in the cell sub-cortical region, in interaction with the ESCRT-III proteins Vps32 and Vps23 [19] . Also interacting with Vps32 are PalA and PalB. PalA binds to the transcription factor PacC while PalB belongs to the cysteine protease family. PacC is activated through a two-step proteolysis reaction that sequentially involves PalB and the proteasome [20, 21] . Lastly, truncated PacC translocates to the nucleus where activation of ''alkaline'' genes and repression of ''acidic'' genes can proceed [22] .
The role of the pH-signaling pathway in the virulence of various pathogenic fungi has been evaluated through the study of PACC deletion strains [23] [24] [25] [26] [27] [28] [29] . Interestingly, such deletion has mostly negative effects on the fungus capacity at secreting metabolites or lytic enzymes, undergoing developmental switches, penetrating the host or invading the host tissues. The pH-signaling pathway hence seems to control several cell functions whose contribution is relevant to various infection processes. At last, some degree of specificity in the genes targeted by this pathway would allow adaptation to the different environmental niches that various hosts or host tissues represent [30, 31] .
To our knowledge, the role of pH in the biology of M. oryzae has never been investigated, and whether sensing and signaling of this environmental factor plays a role during interaction of this fungus with its host plants is unknown. This study is a first contribution to answering these questions.
Results

Influence of pH on the Biology of M. Oryzae
The wild type Guy11 strain was grown on solid malt medium and then transferred to the same medium buffered to pH 5, 6, 7 or 8. The radial growth rates were measured and very similar results were obtained from pH 5 (0.660.1 cm/day) to pH 8 (0.6360.1 cm/day). These results were unchanged when yeast extract or potato extract replaced malt in the culture medium (data not shown). Following such growth at pH 5 or at pH 8 for 14 days, counting of the collected conidia revealed a 5-fold higher production at pH 8 than at pH 5 ( Fig. 1a) . This was not due to a delay in conidiation at pH 5 since a similar pattern could be observed at 21 days. Germination of these conidia, conversely, decreased with pH, and this effect could be observed from pH 8 to pH 3 (Fig. 1b) . Placed onto teflon membranes in drops of liquid medium adjusted to pH 5 or pH 8, these conidia did not differ in their capacity at forming a short hypha, and an appressorium after 24 hours; only longer hyphae connecting the conidia to the appressoria could be noticed at pH 8 (data not shown). Finally, conidia collected from colonies grown at pH 5 or at pH 8 caused similar numbers of lesions on rice or barley leaves (Fig. 1c) . Altogether, these results show that some distinct steps of M. oryzae's biological cycle are influenced by pH and prompted us to select pH 5 and pH 8 as acidic and alkaline conditions for the rest of the in vitro studies.
M. Oryzae Modulates the pH of its Environment
The wild type Guy11 strain was grown in different liquid media and pH was monitored over time. When a complex medium containing yeast extract (TNK-YE) was used, a rise of about three pH units was observed in 96 hours (from pH 5.6 to pH 8.2) and a parallel accumulation of ammonia could be measured (Fig. 2a) . When rice or barley extracts were provided as nutrients, alkalinization was also observed as the pH of the medium increased from 6.5 to 7.5 in 72 hours (data not shown). Lastly, an increase in pH was also observed during conidia-derived infection of both barley and rice detached leaves; the pH rose by about two units and reached pH 7.5 between 72 and 144 hours postinoculation (Fig. 2b) .
Conservation of the pH-signaling Pathway Genes in M. Oryzae and Gene Expression Analysis
The A. nidulans PalA, PalB, PalC, PalF, PalH, PalI and PacC protein sequences were used to perform BlastP searches of the Broad Institute M. oryzae protein database (http://www.broad. mit.edu). All the homologs in M. oryzae were easily identified due to strong conservation of each of the protein sequence between the two fungi ( Table 1) . The PACC gene homolog, hereafter named MoPACC, clusters with other fungal PACC genes in coherence with the expected fungal phylogeny (Fig.  S1 ). The genome-based predicted MoPACC open reading frame was confirmed by reverse transcription of MoPACC mRNA, amplification and cloning of the cDNA and sequence analysis (data not shown). Expression of MoPACC and all the MoPAL genes was then measured. M. oryzae was cultured in a nonbuffered medium (pH 5.5) and transferred 15 minutes and 2 hours to fresh media buffered to pH 5 or to pH 8. Following transfer to pH 5, quantitative PCR analysis showed a very low expression level for MoPACC and MoPALB, higher expression levels for MoPalF, H and I, and intermediate expression levels for MoPALA and MoPALC (Fig. 3a) . Upon transfer to pH 8, the expression of MoPACC strongly increased (24-fold) in 15 minutes, and remained high (6-fold) two hours after transfer ( Fig. 3b and 3c ). An other significant change in expression was recorded for MoPALF after transfer to pH8; its expression dropped more than 2-fold both at 15 minutes and 2 hours posttransfer ( Fig. 3b and 3c) . The expression of all the other MoPAL genes did not change significantly at pH 8 ( Fig. 3b and 3c) . Finally, we observed a linear increase in MoPACC expression when the fungus was exposed to increasing pH values (Fig. 3d) . Deletion of the M. oryzae PACC Gene
To delete MoPACC, we constructed a gene replacement cassette in which the HPH resistance gene was flanked by 0.9 Kb of upstream and 1.1 Kb of downstream genomic sequences from the MoPACC locus (Fig. 4a) . The cassette was introduced by protoplast transformation into the high-frequencygene-replacement strain Guy11-Dku80 [32] , and seventeen hygromycin-resistant transformants were collected; eight of these transformants were subjected to molecular analysis. Following purification by single-spore isolation, MoPACC replacement was examined by Southern blotting. As shown in figure 4b , the hybridization profiles were compatible with a single gene replacement event in seven strains (T1-T7). In transformant T11, the profile was identical to that of the parent strain. Using PCR, these results were confirmed by the lack of detection of the MoPACC gene in all T1-T7 strains, its detection in T11, the amplification of the integrated cassette's left and right junctions in T1-T7, and the absence of these fragments in T11 (Fig. 4c-e) . Finally, amplification of the HPH gene was positive in all transformants except T11 (data not shown). Transformants T1, T2 and T3 were selected for the rest of the study together with strain C2 (ectopic integration of a HPH gene-only DNA cassette). Similar results were collected for the T1, T2 and T3 strains, and those obtained in the T2 strain are presented below. Figure 3 . Expression of the M. oryzae pH-signaling related genes. Following 15 minutes (grey) or 2 hours (black) transfer of the wild type Guy11 strain from non-buffered liquid medium to fresh medium buffered to pH 5 or pH 8, total mRNA was extracted and quantitative PCR analysis was carried out using primers specific of the MoPACC and all the six MoPAL genes (Table S1 ). Quantification was based on the 2 DCT method using the MoEF1a gene as reference. Three independent biological replicates were analyzed for each studied gene. a) Gene expression after transfer to pH 5. b) Gene expression after transfer to pH 8. c) Change in expression between pH 5 and pH 8 (ratios are plotted using a logarithmic scale). d) MoPACC expression following 2 hours transfer of the fungus to media buffered to different pH values. doi:10.1371/journal.pone.0069236.g003
Impact of MoPACC Deletion on Fungal Growth, Alkalinization and Expression of the MoPAL Genes
The parental, control (C2) and deletion (T2) strains were inoculated onto solid medium either buffered to pH 5 or to pH 8 and their radial growth was monitored over time. Growths of the parental and control strains were identical at pH 5 and pH 8 (data not shown). Growth of the deletion strain was identical to that of the parental strain at pH 5, but dropped by 50% at pH 8 ( Fig. 5a ). We then used three buffer systems allowing pH overlaps to generate solid media ranging from pH 5.5 to pH 7.9, and we monitored growth rate. As shown in figure 5b, the growth rates of both the parental and control strains changed only slightly over the whole pH range tested. On the contrary, that of the deletion strain gradually and continuously decreased with increasing pH. When the deletion strain was grown in liquid culture, ammonia accumulation could be measured in the medium together with a rise in pH (Fig. 5c ), but both the total amount of ammonia and the final pH value were slightly lower than those measured with the wild type strain (Fig. 2a) . Finally, expression of MoPACC and all the MoPAL genes was measured in the deletion strain at pH 5 and at pH 8 ( Fig. 5d ). As expected, the expression of MoPACC could no longer be observed. Moreover, when compared to the wild type strain, the expression of MoPALC doubled at pH 5 and remained similar at pH 8 and the expression of MoPALF increased slightly at pH 5 and no longer dropped at pH 8.
Impact of MoPACC Deletion on Asexual Reproduction and on Virulence
A total defect in conidia production was monitored in vitro at pH 8 in the deletion strain when compared to the parental and control (ectopic) strains (Fig. 6a) . At pH 5, conidiation still occurred, but a 30% decrease was nonetheless observed in comparison to the parental strain. None of these data resulted from a delay in conidiation in the deletion strain since identical results were obtained after longer culture time (7 more days; data not shown). The impact of MoPACC deletion on virulence was next analyzed. Barley leaves sprayed with conidia collected from the deletion strain exhibited about a fourth of the lesions counted on leaves infected by the parental or control strains (Fig. 6b) . When the rice Sariceltic cultivar was used as host, lesions were also less numerous on the leaves infected by the mutant, but twice as much as that observed on barley (53.868%). Virulence was not delayed since identical results were observed after longer infection time (14 more days). The lesions looked identical on the leaves infected by The M. oryzae PAL and PACC genes are presented. Introns were searched using the Softberry software and both their number (bold) and positions (start-end) are given. The length of the corresponding predicted proteins and the identity of these proteins to their A. nidulans counterparts is provided. doi:10.1371/journal.pone.0069236.t001 the parent and mutant strains and, interestingly, conidia were similarly visible on the lesions caused by these two strains (data not shown). Lastly, when the rice Maratelli and CO-39 cultivars were used (more resistant towards M. oryzae), difference in virulence could no longer be observed between the parent and mutant strains.
Complementation of the DpacC Mutant Strain
Complementation of the T2 deletion strain was performed via protoplasts transformation and the use of a DNA cassette carrying both the wild type MoPACC gene and the sulfonyl-urea resistance gene. One transformant was obtained and its capacity to grow like the parental strain at pH 8 and to produce conidia at pH 8 was restored to the level of the wild type strain (Table 2) . Virulence towards barley leaves was restored to 70% of the wild type level (Fig. 6b) . These results indicate that the phenotype of the studied MoPACC deletion strains most likely originates from the single genetic alteration of this gene. Following 15 minutes transfer of the deletion strain from non-buffered liquid medium to fresh medium buffered to pH 5 (grey) or pH 8 (black), total mRNA was extracted and quantitative PCR analysis was carried out using primers specific of the MoPACC and all the six MoPAL genes (Table  S1 ). Three independent biological replicates were analyzed and quantification was based on the 2 DCT method using the MoEF1a gene as reference. The experiments were performed in parallel to those reported for the wild type strain in figure 3. Left panel : Gene expression after transfer to pH 5 or to pH 8. Right panel : Change in expression between pH 5 and pH 8 (ratios are plotted using a logarithmic scale). doi:10.1371/journal.pone.0069236.g005 
Loss of Virulence and Host Specificity
In order to understand how infection of barley could be impaired in about 80% of the cases in the absence of MoPACC, three early steps of the infection process were analyzed using microscopy. First, appressorium formation on barley epidermis was compared in the parental and deletion strains, and both strains showed similar shape and number of appressoria produced under the conditions used. Penetration of the barley epidermis was then monitored, and no difference could be noted between the mutant and parental strains. Finally, colonization of the cells neighboring the penetration site was examined, and this also seemed unaffected by the deletion of MoPACC. In the absence of obvious defect during the early stages of infection, we questioned the capacity of the mutant at invading the plant tissues during its necrotrophic phase, and this was indirectly investigated by comparing the production of secreted lytic enzymes in the parent and mutant strains. The fungus was grown in liquid medium under non-buffered conditions and the culture media were collected over time to measure both the amount of proteins secreted and the activity of seven carbohydrates degrading enzymes. As shown in figure 7 , the total amount of proteins found in the culture media were similar at 4 hours post-inoculation for both strains, but differed later with more proteins found in the mutant than in the parent culture medium. In contrast, five enzymatic activities out of seven were reduced in the mutant strain, namely polygalacturonases, a-glucosidases, b-glucosidases, a-galactosidases and b21,3 glucanases.
Discussion
This study explored the relationship between pH and the biology of M. oryzae through the particular scope of the fungal regulator PacC. First, a rise in pH during infection of either rice or barley, and a rise in pH together with ammonia production during fungal growth in vitro were monitored. Some plant pathogenic fungi like S. sclerotiorum and B. cinerea are known to acidify their environment during infection via the secretion of acids [15] . Others, like Alternaria alternata and several Colletotrichum species, tend to alkalinize the invaded plant tissues via the secretion of alkali like ammonia [33, 34] . This capacity at modifying the surrounding pH likely contributes to the advantageous adaptation of the pathogens to their host plants [30] , and our results would support that M. oryzae be classified alongside A. alternata and Colletotrichum. Using confocal microscopy and the pH-sensitive fluorophore SNARF-1 [35] , we attempted to measure micro-environmental pH changes in barley infected epidermis. We however failed at collecting solid data and we hence cannot provide information about putative alkalinization of individual cells at the early stage of infection. Growth and conidiation in vitro were measured for the complemented strain DPACC+PACC under the same conditions used for the study of the DPACC mutant strain (Fig. 5) . doi:10.1371/journal.pone.0069236.t002 Referring to the wild type Guy-11 strain that was used in this study, and under the nutrients and buffer conditions used, growth of M. oryzae occurs at the same rate over three pH units (5 to 8), and this illustrates a good adaptability to pH. In contrast, and interestingly, asexual reproduction and conidia germination are sensitive to modification of the surrounding pH. Indeed, pH 8 has a strong positive effect on the production of asexual spores whereas germination is favored at acidic pH values. With rice and barley surfaces being of mild acidic nature (see below), and with plant infection being characterized by alkalization (described above), this could represent a positive adaptation of the fungus infectious cycle to its natural environment. A similar proposition has recently been put forward for fungal dermatophytes [36] .
The PacC-encoding gene sequence was found in M. oryzae's genome, and it clustered with N. crassa and C. globosum PACC counterparts when performing phylogenic analysis of the available fungal PACC sequences (Fig. S1) . Consistent with what has been shown in other fungi [29, [37] [38] [39] [40] , and consistent with the presence of three PacC consensus binding sites in its promoter sequence, MoPACC expression is activated when the fungus is placed under alkaline conditions. A 24-fold increase in expression was monitored after only 15 minutes of transfer from an acidic to an alkaline environment, and this demonstrates a very fast reaction of the fungal cell to pH that resembles what has been observed in S. sclerotiorum [40] . Homologs of the six PAL genes characterized in A. nidulans were also identified in M. oryzae. All but MoPALF exhibit low and pH independent expression like their A. nidulans counterparts [41] [42] [43] [44] . The expression of MoPALF dropped when M. oryzae was placed under alkaline conditions, and this is reminiscent of results obtained in S. cerevisiae and C. albicans [45, 46, 39] . This regulation could not be observed in a MoPACC deletion strain and it is therefore likely mediated through PacC. With PALF encoding an arrestin-like protein necessary for alkaline pH signaling after putative activation of the membrane protein PalH [18] , its down-regulation under these pH conditions could play a role in cell desensitization.
Through deletion of MoPACC, the role of the transcription factor PacC in the adaptation of M. oryzae to pH and during the infectious cycle could be assessed. The absence of MoPACC affects fungal growth at pH 8, and this can be reversed by complementation. It moreover affects optimal growth under both acidic and alkaline pH conditions, and our results show that pH adaptation fails gradually with increasing pH in the mutant strain. This result first indicates that the Pal/PacC signaling pathway operates in M. oryzae at both alkaline and acidic pH. Second, it could suggest that this signaling is less an on/off system than a continuum in which increasing amount of activated PacC would lead to increasing repression or activation of target genes as environmental pH increases. If PacC targets its own gene in M. oryzae like it does in other fungi, this hypothesis would be supported by a linear increase in MoPACC expression as a function of pH, and this was indeed observed. The continuum could originate from each cell within the multicellular hyphae increasing MoPACC expression with increasing pH or from increasing numbers of cells within the hyphae responding to pH with full transcription of MoPACC.
As reported for PacC mutant strains of S. sclerotiorum and C. rosea [24, 29] , the virulence of M. oryzae was compromised by the absence of MoPACC, but it was not abolished. The deletion of MoPACC caused a reduction in the number of lesions occurring on leaves, but it did not modify the development of the lesions that formed. This suggests that PacC could be a dispensable, yet important, part of a threshold mechanism whose outcome would condition infection success or failure. Crossing of this threshold could be required during appressorium development, plant penetration, biotrophic growth or switch to necrotrophic growth. We did not observed that appressorium development or plant penetration was impaired in the mutant strain when tested on detached epidermis. In contrast, the production of several secreted enzymes was shown to be reduced in the mutant strain under in vitro growth conditions. If such production played a role in the invasion of the plant tissues during the necrotrophic phase, the hypothesized threshold mechanism could be part of the switching process between the biotrophic and necrotrophic stages. Complementation of the mutant strain fully restored fungal growth in vitro, but partly restored fungal virulence (70%). Such partial restoration could be due to partial restoration of lytic enzymes production, possibly caused by non optimal expression of the trans-gene in the complemented strain.
Interestingly, rice infection is less affected than that of barley by the absence of MoPACC. Since we showed that optimal adaptation to pH is increasingly dependent upon PacC as pH rises, this difference could be explained by barley representing a more alkaline environment than rice. This was indeed measured, both at the leaves surface (pH 5.35 for rice and pH 6.5 for barley) and in the leaves apoplasts (pH 5.2 for rice and pH 5.75 for barley). Besides pH, other unknown components could moreover be at work in barley, and not in rice, that could also solicitate MoPACC and make its presence more important for successful barley invasion than rice infection.
Finally, the absence of MoPACC seems to block conidia production at pH 8 in vitro, and this is fully restored by complementation. A reduced impact of the mutation (230%) is seen under acidic conditions and conidia are produced on the plant lesions developed by the MoPACC mutant strain. Together with the effect of pH that we observed on conidiation in the wild type strain, this demonstrates that pH and its related signaling cascade play a role in asexual reproduction of M. oryzae. MoPacC could directly or indirectly target genes involved in conidiogenesis, and its bigger impact at pH 8 than at pH 5 is consistent with the higher expression of MoPACC under alkaline conditions. The production of conidia on plant tissues by the mutant strain however indicates that PacC is not a master regulator of conidiation in planta. Since the production of conidia is critical to the fungus propagation, and therefore to the spreading of rice blast epidemics, interference with MoPacC that would lead to reduced plant lesions and condiogenesis could be considered as a possible new approach to disease control.
In conclusion, pH is an environmental cue of significant importance in the biology of M. oryzae, in particular for conidia production and germination. During filamentous growth and conidiogenesis, MoPacC plays an important role under alkaline conditions but is also required under acidic conditions. During plant infection, MoPacC is essential for full virulence, possibly during transition from the biotrophic to the necrotrophic development phase.
Materials and Methods
Fungal Strains and Growth Conditions
The wild type M. oryzae isolate Guy11 pathogenic on rice and barley was obtained from the Centre de Coopération Internationale pour la Recherche Agronomique et le Développement (CIRAD). For sporulation, Guy11 was grown on 2% rice flour, 1% glucose, 0.2% KH 2 PO 4 , 0.3% KNO 3 , adjusted to pH 6 (rice medium). Other media used were: Malt-agar (Difco), potatodextrose-agar (Oxoid) and TNK-YE derived from Tanaka-B medium [47] 1% glucose, 0.2% yeast extract, 0.2% NaNO 3 , 0.2% KH 2 PO 4 , 0.05% MgSO 4 ?7H 2 O, 0.01% CaCl 2 ?2H 2 O, 0.0004% FeSO 4 ?7H 2 O, microelements as Tanaka-B, adjusted to pH 5.5-5.8. Media buffered to pH 5 contained 100 mM MES. Media buffered to pH 8 contained 100 mM MOPS. Hygromycin (Sigma-Aldrich, Saint-Louis, USA) was used at 0.012%. All solid media contained agar at 1.5%.
Construction of the Gene Replacement Cassettes and Fungal Transformation
Upstream and downstream regions of the MoPACC gene were obtained by PCR using genomic DNA (100 ng) as template, primers pairs pacC3/pacC-left3' and pacC4/pacC-right5' and 0.5 units of DNA polymerase Phusion (Finnzymes, Espoo, Finland). The primers are listed in Table S1 and the strategy used for constructing the gene replacement cassettes is illustrated in Fig. 3a . Purified amplicons were digested by SfiI whose restriction sites are present in the primers. The HPH cassette [48] conferring resistance to hygromycin was excised from plasmid pFV8 (pB2KS -vector carrying the cassette flanked by SfiIa and SfiIb sites). Following ligation, the gene replacement cassette was obtained by amplification using primers pacC-left5' and pacC-right3'. Fungal transformation was conducted as described in [32] . The pFV8 vector was used as control in transformation experiments. The DNA cassette designed for the complementation experiment was obtained by double-joint PCR [49] and directly used (3 mg of PCR product) to transform protoplasts. This cassette linked together the MoPACC sequence flanked by 0.9 Kb of its promoter and 0.2 Kb of its terminator and the sulfonyl urea resistance gene [50] also flanked by its promoter and terminator sequences.
Molecular Analysis of the Transformants
Genomic DNA, prepared from lyophilised mycelium, as described in [51] , and was used as template (100 ng) for PCR amplifications with primers described in Table S1 ; pacC1 and pacC2 were used to amplify MoPACC and hygro1, hygro2, pacC3 and pacC4 were used to amplify DNA fragments corresponding to the 59 and 39 cassette-locus junctions in transformants resulting from targeted gene replacement. For Southern hybridization, genomic DNA (5 mg) digested with EcoRV was subjected to 1% agarose gel electrophoresis, transferred to positive nylon membrane (Q-BIOgene, Irvine, USA) and hybridized at 65uC in Denhardt's buffer with a 32 P-labelled probe. The radioactive signals were revealed using a phosphoimager (Molecular Dynamics, Sunnyvale, USA).
Quantitative PCR Analysis
Mycelium (100 mg) was frozen in liquid nitrogen, ground, and total RNA was extracted by phenol/chloroform separation and lithium chloride precipitation [52] . 20 mg of total RNA of each sample were treated with DNAse I (Ambion) to remove genomic DNA. Quality of total RNA was verified using Agilent 2100 Bioanalyzer, Agilent RNA 6000 Nano reagents and RNA Chips from Agilent. Total cDNA were produced by treating 2.5 mg of DNaseI-treated total RNA with Thermoscript RT (Invitrogen, Carlsbad, USA) as described by the manufacturer. Q-PCR experiments were performed on an ABI PRISM 7900HT (Applied Biosystems, Foster City, USA) using primers specific of the genes of interest (Table S1 ), using the Power SYBRH Green PCR Master Mix (Applied Biosystems), and according to the manufacturer's instructions. Following examination of the primers efficiencies, the amplification reaction was carried out as follows: 95uC 10 min, 95uC 15 s and 60uC 1 min (50 cycles), 95uC 15 s, 60uC 15 s and 95uC 15 s. Quantification was based on the 2 DCT method using the MoEF1a or MoILV5 gene as reference; the expression profiles of MoPACC and the MoPAL genes were identical when using either of these two genes.
Phenotypic Analysis
Radial growth was measured daily following central inoculation of solid media with calibrated mycelium plugs (4 mm diameter) and incubation at 26uC in the dark. Conidia production was measured by counting conidia under a microscope after collecting them from 10-14 days old mycelium cultures grown on sporulation media. Germination was assayed by using 10 3 spores/ml suspensions deposited onto 3% agar plates, and by counting conidia showing germ tubes under a stereomicroscope after 16h of incubation at 26uC. Appressorium formation was assayed by depositing 10 4 spores/ ml suspensions in 0.01% hexandecandiol onto Teflon membranes, and by counting the appressoria under a microscope after 24 hours of incubation at 26uC. Plant penetration and colonization were assayed by depositing conidia onto detached barley epidermis and through microscopic observations 24 and 48 hours later, respectively. Host plant infections were measured by using seedlings from barley and rice cultivars cultivated for 10 and 21 days, respectively (70% relative humidity; 25uC day, 20uC night). 2-leaf (barley) and 3-leaf (rice) stage plants were fed with 15 ml ammonium sulphate (1.2%), sprayed with a suspension (10 mL/pot) of 3 10 4 spores/ml (barley) and 1.5 10 4 spores/ml (rice) containing 0.3% gelatine, incubated overnight in a humid chamber (25uC, 99% humidity, dark) and transferred to a greenhouse for 4 days (25uC, 50% humidity, 12h light). Lesions were scored on 30 leaves at 5 days after inoculation. Growth medium alcalinization was measured on aliquots (200 ml) collected from 25 ml cultures (TNK-YE medium, 26uC, 110 RPM) by using a pH mini-electrode. The cultures were inoculated with mycelium previously grown under identical conditions for 3 days, filtered, and blended in 10 ml sterile water (1 ml was used as inoculum). Ammonia production was measured on culture filtrates (10 ml to 2 ml) incubated 5 minutes at room temperature with 100 ml of 0.1 M Na/K tartrate and 100 ml of Nessler's reagent (Fluka, Germany). Following centrifugation (10uC, 10 min, 10000 g), the supernate absorbance was measured (420 nm). Freshly prepared 1 M (NH 4 ) 2 SO 4 served as standard [52] . Control reactions contained no filtrate or no tartrate.
Enzyme Assays
40 mycelial plugs (w = 0.5 cm) from fresh cultures on ricemedium plates were used to inoculate TNK-YE liquid cultures (100 mL). After 48 hours at 26uC under agitation (110 rpm), the fungus was collected by centrifugation (2500 rpm, 15uC, 8 min), rinsed twice in 25 mL sterile water and blended on ice (4615sec) in 20 ml sterile water. 3 mL of blended mycelium were used to inoculate 4625 mL of fresh TNK-YE liquid medium. Following 4, 24, 72 and 96 hours culture at 26uC under agitation (110 rpm), these 25 mL were filtrated and stored at 220uC before use as starting material to measure protein concentrations [53] and enzymatic activities. a-and b-glucosidase and galactosidase activities were determined using p-nitrophenyl-(a or b)D-(glucopyranoside or galactopyranoside) or o-nitrophenyl-b-D-galactopyranoside as substrates. The assays (3 ml total volume) contained 1 ml of appropriate substrate (1 mg. ml 21 ), 50 ml to 1 ml of the culture filtrates, 1 ml of 100 mM citrate/phosphate buffer, pH 5 (glucosidase assays) or pH 4 (galactosidases), and were incubated for 1 h at 37uC. Following addition of 1 ml of 1 M Na 2 CO 3 , released p-nitrophenol was measured by spectrophotometry (400 nm) [54] . b-1,3 and b-1,4-glucanase activities were respectively determined by using laminarin (0.4 mg/mL) and carboxymethylcellulose (1.2 mg/mL) as substrate [55] . Culture filtrates (10 to 200 ml) and substrates were incubated for 1 h at 37uC in 2 ml of 100 mM citrate/phosphate buffer, pH 5. Reactions were stopped by addition of 2 ml TBC (100 mM Na-tetraborate, 100 mM boric acid and 0.1% cyanoacetamide) and heating (10 min, 100uC). Following cooling to room temperature, free glucose was detected by spectrophotometry (270 nm). Polygalacturonase activities were determined by using polygalacturonic acid (0.8 mg/mL) as substrate [56] . Culture filtrates (10 to 100 ml) were incubated for 30 min at 48uC with the substrate in 600 ml of 30 mM acetate buffer pH 4. Reactions were stopped by addition of 1.2 ml TBC and heating (10 min at 100uC). Following cooling to room temperature, free galacturonic acid was detected by spectrophotometry (270 nm). Control reactions were stopped before incubation.
In Planta pH Measurements 10-day old barley and 21-day old rice leaves were cut, kept in a humid chamber at 26uC and inoculated with drops of conidia (350 in 35 ml for barley and 100 in 10 ml for rice). pH was measured (5 repetitions) with a flat contact electrode (Bioblock Scientific, France) placed onto the lesions for 2 minutes periods. To measure the pH value of apoplastic fluids (rice and barley), 15 plantlets were placed at 22uC during 45 minutes in a watersaturated room immediately after cutting halfway their fourth leaf of. Extruded apoplast (about 300 ml) was collected using a pipette.
Bioinformatics and Genes Studied
Blast and protein domains searches were performed at the Broad Institute (M. oryzae database: http://www.broad.mit.edu), EBI (Interproscan: http://www.ebi.ac.uk/interproscan) and NCBI (Blast -nr: http://www.ncbi.nlm.nih.gov/blast/). Alignments were performed with ClustalW and displayed using Genedoc. Phylogenetic analyses were performed using Mega 3.1. The resulting tree was drawn using MEGA version 3.1. Numbers at each node indicates percentage of 1000 bootstrap replicates. The fungal species used in the study were Fusarium oxysporoum, F. verticillioides, F. graminearum, Trichoderma reesei, Neurospora crassa, Chaetonium globosum, Botrytis cinerea, Sclerotinia sclerotiorum, Phaeosphaeria nodorum, Aspergillus nidulans, A. fumigatus, A. niger, Yarrowia lipolytica, Candida albicans, Ashbya gossypii, Sacharomyces cerevisiae and Ustilago maydis.
Statistical Analysis
The numbers of observations were identical for each of the independent samples. Data were expressed as mean +/2 standard deviation (SD). For statistical analysis, normality of the raw was first tested by using a Shapiro-Wilk test. Variances of the samples were then compared and found different. A Student bilateral t test was then applied to the data sets. The tests were performed using R software commands. Figure S1 PACC phylogeny. PACC phylogenic tree rooted using the U. maydis PACC sequence and showing the fungal species used in the analysis. 
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